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During the process of oogenesis m most animals the breakdown or dissolution
of the nucleus (germinal vesicle) is a necessary prerequisite before meiotic matura-
tion can occur. In starfish the induction of oocvte meiotic maturation is closely
synchronized with the process of oocyte shedding from the ovary. DBoth events
follow the exposure of ovarian tissue in wivo or in vitro to a radial nerve factor
(RNF) extracted from the radial nerves (Chaet and McConnaughy, 1959 Kana-
tani, 1964 Chaet, 1966). Although these data indicate that radial nerve factor
(RNF) acts on the gonads, it is not clear whether RNT acts directly or indirectly
on the oocytes to produce shedding and meiotic maturation. Experiments by
Kanatani (1964) indicated that RNT could act directly on oocvtes of Asterias
amurensis, maintained in calcium free sea water, to produce meiotic maturation.
In recent studies with Asterias forbesi (Schuetz and Biggers, 1967 ; Schuetz, 1969)
and Asterina pectinifera (Kanatani and Shirai, 1967), it was demonstrated that
the RNF may act indirectly to initiate meiotic maturation. These studies showed
that following in vitro incubation of ovarian tissue with RN, the incubation
medium, but not RNTF, was capable of initiating oocyte meiotic maturation in
isolated oocytes. A biologically active substance present in the incubation medium
could be physically separated from the RNF. This substance has been called an
ovarian factor (Schuetz and Biggers, 1967). Although the RNFE and ovarian
factor appeared to have different chemical properties their biological properties
were remarkably similar. The so-called ovarian factor was shown to: (1) induce
oocyte shedding and meiotic maturation in isolated oocytes as well as initiate
meiotic maturation in oocytes retained within ligated ovarian fragments, and (2)
initiate follicular cell dispersion from around isolated oocytes or oocytes retained
within ovarian tissue. Such oocvtes were found to be fertilizable and capable
of undergoing normal development. These data suggested that this evarian factor
may be a mediator for RNF activities. Data on the time and sequence of changes
which occur in oocvtes and ovarian tissues following exposure to ovarian factor
and RNI could provide support for this hypothesis.

The experiments reported here were conducted to elucidate some of these
relationships.

1 This work was supported in part by a graut from the Ford Foundation (64-3900).
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RADIAL NERVE—OVARIAN INTERACTIONS

MATERIALS AND METHODS

All experiments were conducted at the Friday Harbor Laboratory, Ifriday
Harbor, Washington. Starfish (Pisaster ochraceus) were collected from the inter-
tidal zone at various times during June and July and maintained in sea tanks
(10°-13° C) until utilized. All experiments were conducted under in wvitro
conditions with sea water, filtered prior to use, being utilized as the incubation
medium.  The ten ovaries were removed from animals and placed in large
finger bowls containing sea water. The f{inger bowls and assay dishes used in
these experiments were placed in trays on a sea table in order to maintain a
relatively constant temperature. The radial nerve factor (RNF) utilized in
these experiments was lyophilized material obtained from nerves of Asterias forbesi,
prepared as previously described (Schuetz and Biggers, 1968). A stock solution
of RN was prepared by dissolving 1 mg of the dried material in 1 ml of dis-
tilled water. This solution was then kept under refrigeration (4° C). Pre-
lminary experiments demonstrated that RN prepared from Asterias forbesi was
effective in stimulating oocyte shedding, meiotic maturation, and formation of
ovarian factor activity when added to ovarian fragments of Pisaster ochraceus.
This RNT material did not produce meiotic maturation in isolated oocytes. Owvarian
factor utilized in the present experiments was prepared from tissue of Pisaster
ochraceus using methods previously described. with the exception that tissues were
not usually squashed prior to the addition of RNF (Schuetz, 1969). A standard
preparation of ovarian factor was nsed i all these experiments. This substance
was separated from other components of the incubation medium by gel filtration.

Biological assays

The effects of the RNF aud ovarian factor were evaluated by means of the
weight change in isolated ovaries or ovarian fragments and the induction of
meiotic maturation in isolated oocytes (Schuetz, 1967 ; Schuetz and Biggers, 1968).
Prior to use, ovarian responsiveness to a standard preparation of RNF was
assessed. Ovarian tissues responding with 60% or greater reduction in weight
were used in these experiments. Ovarian fragments were obtained by cutting
ovaries into approximately equal portions. The ovarian tissnes were weighed,
following blotting on absorbent paper, on a Mettler P160 balance to the nearest
milligram. The ovarian tissue was then placed into finger bowls or small Stender
dishes containing a standard amount of filtered sea water. At various times
during or at the termination of the experimental treatment, the ovarian fragments
were weighed following blotting. Ovarian fragment weight loss or oocyte shedding
was expressed as the ratio of the final weight to the initial weight. The ratios
presented for the various groups in the figures represent the mean ratio of all
fragments in a particular group.

The effects of the various biological substances or extracts on the process of
meiotic maturation were assessed using oocytes isolated from pretested ovarian
tissue.  Mincing ovaries with scissors resulted in the release of enormous
numbers of oocytes each of which was surrounded by a single layer of follicular
cells. Following manual removal of the ovarian tissues present in such a mince,
the remaining free oocytes with intact germinal vesicles constituted the preparation
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of “isolated oocytes.” In all animals (> 50) studied during the summmer the
amount of “spontaneous” meiotic maturation in oocytes so released from ovaries
was found to be less than 10%. The RNF preparation was ineffective in
stimulating meiotic maturation in these oocytes. Iollowing agitation, approxi-
mately 5000-10,000 oocytes were transferred to each assay dish containing a stand-
ard amount of filtered sea water. The test substances were then added to the
dishes at varying times and for each the percentage of oocytes undergoing germinal
vesicle breakdown was assessed. This was determined after agitating the dish and
mixing all the oocytes. The number of oocytes with or without an intact germinal
vesicle was determined within a restricted area with the aid of a dissecting
microscope. A sample of at least 50 oocvtes was normally examined.

REsuLTs

Time of ovarian factor appearance

In order to assess the time at which ovarian factor appeared in the incubation
medium, the following experiment was performed. Four finger howls were pre-
pared with the following contents :

Bowl No.
I. 1ovary (13.7 gm) + 1.0 mg RNF 4 100 ml filtered S\W
I1. 1 ovary (13.9 gm) + 100 ml filtered SW
111, 1.0 mg RNF + 100 ml filtered S\
V. 100 ml filtered S\V

At regular intervals following the addition of the RNT to the dishes and after
agitation of the contents, a 10 ml sample of the incubation medium, free of oocytes,
was removed by pipette and placed in a test tube. Shedding of oocyvtes became
apparent approximately 70 minutes after the addition of RNF i Bowl I. The
final weight of the ovary in Bowl I was 1.7 gm and in Bowl II, 13.4 gm. After
all the 10 ml samples were collected, the presence of ovarian factor activity in the
samples was assessed. Biological activity was determined by adding 0.5 ml from
each sample collected to each of two test dishes containing free oocvtes in 3.5 ml
of filtered sea water. The mean results of ovarian factor activity expressed as the
percentage germinal vesicle breakdown are presented in Figure 1. The data
indicate that increased activity of ovarian factor was present in the media removed
from the dish containing RNF and ovary together ; whereas media containing only
RNF or ovary were inactive in stimulating meiotic maturation. A marked
change in activity of avarian extract occurred after 100 minutes. Experiments
similar to this one indicate that the time at which ovarian factor was first detected
in the incubation media varied considerably and was dependent upon the amount
of media tested.

RN and ovarian factor wnduced shedding

The time at which oocyte shedding occurred in response to ovarian factor or
to RNF were compared by recording the change in weight of ovarian fragments
at varying times after addition of these two substances. Ovarian fragments were
weighed and randomly placed into Stender dishes containing 4 mi of filtered sea
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FiGure 1. Appearance of ovarian factor activity in incubation media. Dishes of sea
water were prepared with or without ovaries and with or without RNF added. Media were
removed at various times and added to dishes containing isolated oocytes with intact germinal
vesicles. Inducton of germinal vesicle breakdown (%) in isolated oocytes was assessed after
a one hour exposure to the test media.

water. \arying amounts of ovarian factor (0.2, 0.6, 1.8 ml) or 100 pg of RNF
were added to the different treatment groups. Ifach treatment group consisted
of 5 fragments each in an individual dish. At varying times after the addition
of these test substances, each fragment was removed, blotted, weighed, and then
returned to the same dish from which it was taken. The sequential changes in
weight of the variously treated fragments are presented in Figure 2. The data are
presented as the mean ratio of the final weight to initial weight, but the final
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FiGure 2. Ovarian fragment shedding—Effect of ovarian factor and RNF. Groups of
five ovarian fragments were exposed to RNF or various concentrations of ovarian factor.
The data represent the sequential change in weight of these fragments.

weight is in reality the weight of the fragment as measured at the designated times
after the addition of RNF. These data indicate that little shedding occurred
before 50 minutes after the test materials were added. The extent of shedding in
response to ovarian factor was markedly dependent upon the dose added. Shedding
occurred in a remarkably similar fashion in those fragments exposed either to the
highest dose of ovarian factor or to RNF. Repetition of this experiment demon-
strated the same type of finding ; however, the time at which shedding was initiated
varied in the different animals.
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Effect of RNF exposure time on oocyle shedding

It is not known whether, or for how long, RNT is required to be in the
presence of ovarian tissue in order for shedding to occur. This was tested by
exposing groups of ovarian fragments to RNT for varyiug periods of time, wash-
ing them and returning them to fresh media containing no test material. Random-
ized groups of ovarian fragments were exposed to 100 pg of RNF in 15 ml
of filtered sea water. One control group did not receive any RNL and one
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Ficure 3. Ovarian fragment shedding—Effect of time of exposure to RNE. Groups of
five ovarian fragments were exposed to RNF for various times (min). The tissues were
washed and transferred to fresh media without RNF. Each dot represents the mean ratio of
the five fragments.
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group was exposed to RN during the entire experimental period. After the
designated period of exposure to RNT the fragments were removed, blotted and
transferred through 3 washes (in a 6 minute period), each consisting of 300 ml
of fresh sea water. Following washing fragments were placed in fresh sea water
(15 ml). The final ovarian weight of all fragments was recorded 120 minutes
after the fragments were originally exposed to the RNTF. The results of this
experiment are presented in Figure 3. A 5 minute exposure to RNF was
sufficient to induce a 50% reduction in ovarian weight, whereas, a 30 minute
exposure msured maximal shedding within the two hour test period. Shedding
did not occur in control fragments incubated in the continual presence of RNF
until after 60 minutes. Shedding appeared to occur sooner in those fragments
exposed to RN, and subsequently washed prior to being returned to RN F-free
media, than in those exposed continuously to RNT.

Qocyte response to ovarian factor

The time at which germinal vesicle breakdown occurs in oocytes following
exposure to ovarian factor and the length of time oocytes need to be exposed to
ovarian factor are questious of importance. Free oocytes (5000-10,000) in 0.5 ml
were added to 5 ml of filtered sea water and then 1 ml of the standard preparation
of ovarian factor was added. Controls consisted of oocytes not exposed to ovarian
factor or to RNF. Oocytes were incubated in the continual presence of ovarian
factor or were exposed to ovarian factor for varying times and then transferred
to fresh sea water containing na ovarian factor. Both parts of this experiment
were performed using oocytes obtained from the same animal. The results of
both aspects of this experiment are presented in Table I. Tn the first instance,
7 dishes containing oocytes were exposed to ovarian factor. At varying intervals
after the addition of the ovarian factor, the percentage of oocytes with intact

TaBLe 1

Time of germinal vesicle breakdown in oocytes following exposure to ovarian factor (1 mi)
and the effect of time of exposure of oocytes to ovarian factor (I ml)
germinal vesicle breakdown

Part I Part I1
Time (min) after ovarian factor ( o - ’ Time (min) oocytes exposure y —
¢ added to nocyws" - T oocyte GVBD to ovarian factor % oocyle GVBD
H

0 077 0 507
5 7% 5 57
10 947 10 15%
15 107, 15 98¢,
20 125 20 98¢
25 257 25 97¢,
30 857% 30 98%
35 987, 35 999,

Terminal control
RNF (100 »g) treated oocytes S 7%




RADIAL NERVE—OVARIAN INTERACTIONS 531

germinal vesicles in one dish was imuediately recorded. The entire process of
oocyte germinal vesicle breakdown occurred within a 3-5 minute period and
was synchronous in all the oocytes released from a particular ovary. Germinal
vesicle breakdown occurred in 98% of the oocytes 35 minutes after the addition
of the ovarian factor.

IFor the second part of this experiment, 8 dishes of oocytes were exposed
to ovarian factor and at subsequent > minute intervals one dish was flooded in
turn with fresh sea water. This miedium was poured off and the remaining
oocytes were immediately transferred to a dish containing 100 ml of fresh sea
water. Addition of 1 m! of ovarian factor to oocytes in 100 ml of sea water was
ineffective in stimulating meiotic maturation. One hour after the initial exposure
of oocytes to the ovarian factor. the percentage of germinal vesicle breakdown
i all dishes was determined. Exposures of 5-10 minutes were insufficient to
produce germinal vesicle breakdown, whereas, longer periods of time produced
essentially 1009% germinal vesicle breakdown. This breakdown occurred at essen-
tially the same time as in those oocytes incubated in the continual presence of
ovarian factor.

The time at which germinal vesicle breakdown occurred in isolated oocytes
was also compared to the time of shedding from ovarian fragments exposed to
RNF or ovarian factor. In each case these comparisons were made using free
oocytes and ovarian fragments obtained from the same animal. These experiments,
using tissue and oocytes from different animals, revealed in all cases that oocyte
germinal vesicle breakdown induced with ovarian factor preceded shedding induced
with either ovarian factor or RN,

Discussion

Previous experiments have indicated that changes in the starfish ovary pre-
viously attributed to the actions of radial nerve factor (RNI) may also be produced
by a possible intermediary substance called an ovarian factor (Schuetz and Biggers,
1967 ; Schuetz, 1969) or a meiosis-inducing substance (Kanatani and Shirai,
1967). In general, data presented here support this contention. The physiological
changes studied were the processes of oocyte shedding and oocyte germinal vesicle
breakdown.

Shedding of oocytes, following exposure of ovarian fragments to either RNT
or ovarian factor, was remarkably similar in character and duration. The process
of induced oocyte shedding, as reflected by the changes in the weight of the
ovarian fragments, was divided into distinct phases (Iig. 2). Subsequent to the
addition of RNF or ovarian factor, an initial lag phase occurred during which
the weight of the ovarian fragment showed little change. In the data presented
lere, the duration of the lag phase was approximately 50 minutes. This initial
phase was followed by a continuous decrease in the weight of ovarian fragments
over a 50 minute period. In fragments exposed to ovarian factor the rate of weight
change was markedly dependent upon the dose of ovarian factor present in the
assay dishes. The rate and extent of weight loss in the ovarian fragment follow-
ing exposure to either the RNT or the highest dose of ovarian factor were indis-
tinguishable.
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Previous investigators have described the presence of a lag phase for RNFE-
induced shedding (Chaet and Musick, 1960); however, the duration of the lag
phase appears to vary considerably with the species and animal tested. Ovaries
of Pisaster ochraceus exposed to RNE were consistently found to have a longer
lag period than similarly treated ovaries of .dsterias forbesi (Schuetz unpublished).
Whether this is a true species difference or the result of the water temperature
differences on the east and west coasts is not clear.

Although oocvte shedding and meiotic maturation resulted when ovarian
fragments were exposed to RNF, meiotic maturation in isolated oocytes occurred
only when exposed to ovarian factor (Fig. 2), and took approximately 30 minutes
for completion (Table 1). Thus, ovarian factor acted more rapidly in producing
germinal vesicle breakdown in isolated oocytes (Table 1) than in producing
oocyte shedding (TFig. 2). This was true even when similar concentrations of
ovarian factor were present in assay dishes containing oocytes and ovarian
fragments. Thus, these data suggest that meiotic maturation, which occurs fol-
lowing ovarian tissue exposure to RNF, could be explained by an intermediate
step since the time required for the ovarian substance to produce its effects was
less than that required for the RNF. The question arises, however, of why its
effect on the germinal vesicle in isolated oocytes (Table ) is more rapid than its
effect on shedding of ovarian fragments (Fig. 2). Previous data demonstrated
that the ovarian factor (Schuetz, 1969) and RNF (Kanatani, 1964: Schuetz, 1969)
can act through the ovarian wall of ligated ovarian fragments to initiate meiotic
maturation. A possible explanation is that the ovarian tissues are differentially
permeable to one of these substances. Alternatively, if the RNF is producing or
releasing ovarian factor from ovarian tissue, this ovarian factor will then be in
closer proximity to the enclosed oocytes than the ovarian factor present in the
incubation media.

In what cells or tissues the ovarian factor is found and whether it is released
or synthesized in response to RNF is not at present clear. The time relationships
described here (Fig. 3 Table T) indicate that RNF “activation” of ovarian factor
is a relatively rapid process. Tt is not clear how the ovarian factor produced the
changes in the ovarian fragments leading to oocyte shedding. Previous studies
have indicated that disruption of the follicular cells from around ococytes may be
a necessary prerequisite for shedding (Kanatani, 1964). The muscle tissues of
the ovarian wall also appear to be important for the shedding response (Schuetz
and Biggers, 1969; Kanatani, 1964 ; Macklenberg and Chaet, 1964). How these
tissues and inductor substances interact to produce these changes is not yet clear.
The induction of meiotic maturation in oocytes, however, appears to result from
the direct action of the ovarian factor. The inability of the RNT to act directly
on the isolated oocytes to produce germinal vesicle breakdown suggests that the
oocvte is not itself the source of the ovarian factor. The possibility does exist,
however, that the RNF, although not acting directly on isolated oocytes, could
act on the non-shed oocytes causing them to release the ovarian factor. Kanatani
et al. (1969) recently presented experimental evidence indicating that the meiosis
inducing substance, which is comparable to the ovarian factor discussed here,
is l-methyladenine.  The elucidation of the physiological and biochemical role of
this substance should greatly enhance our understanding of the process of oogenesis.
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SUMMARY

The addition of a radial nerve factor (RNT) to starfish ovarian tissue in witro
results in the release into the incubation media of a substance (ovarian factor) with
different chemical properties but many biological properties similar to those of the
RNT. A series of experiments were conducted to assess and compare the time
course during which these substances initiate their biological effects. The effects
of these substances on the process of oocyte shedding and germinal vesicle breal-
down were assessed under i vitro conditions.

1. Within approximately a 1 hour period following the addition of RNT,
ovarian factor activity was found in the incubation media. Activity in some in-
stances was found prior to induction of shedding.

2. Oocyte shedding induced by the addition of both RN and ovarian factor
occurred folowing a lag period of approximately 1 hour. The rate of oocyte
shedding in response to RNF and the highest dose of ovarian factor were indis-
tinguishable.

3. Free oocytes exhibited germinal vesicle breakdown in response to ovarian
factor but not to RNF. Germinal vesicle breakdown in response to ovarian factor
occurred within 30 minutes of the addition of ovarian factor to free oocytes.
Germinal vesicle breakdown in free oocytes occurred prior to either ovarian factor
or RNT induced shedding from ovarian fragments.

4. The continual presence of RNF in the incubation media was not required for
the induction of shedding from ovarian fragments.

5. Free oocytes did not require the continnal presence of the ovarian factor for
germinal vesicle breakdown to occur. An exposure time of approximately 15 min-
utes insured meiotic maturation in free oocytes.

These data support the hypothesis that the ovarian factor is a normal inter-
mediary substance in RNTF-induced shedding and in oocyte germinal vesicle break-
down or meiotic maturation.
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